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Spectral measurements and leaf analysis 
Reflectance • From 400 to 2500 nm using an ASD Fieldspec 3® spectroradiometer attached to a plant probe with a leaf clip. Measurements were performed in 12 leaves/tree/sampling date. Average from all leaf spectra/sampling date were used for statistical analysis. 
LMA and LWC 
• LMA (g/cm2): dry matter was measured by gravimetric methods and leaf area was estimated by leaf scanning using an Epson 
Perfection V30 color scanner. 
• LWC (%): difference between field fresh and dry mass (65ºC) after 24 h dry time. 
Chlorophyll  
• Field mesaurements: SPAD-502Plus (Konica Minolta): spad values are averages of 5 randomly readings/leaf, avoiding the mid-vein. 
Measurements were performed in 12 leaves/tree/sampling date.  
• Chlorophyl a+b (µg/cm2): Spad calibration in  four dates along the campaign 2010–2011. 6 leaves per tree/date were measured by the 
DMSO method: 4 h chlorophyll extraction at 65ºC in water bath folowed by UV-VIS spectroscopy measurements at 665.1 nm and 649.1 
nm. 
Foliar Nutrients 
• N and C (g/kg): dry combustion method:   LECO CN-2000. Foliar material (> 100 leaves) from individual trees was analyzed monthly 
during two years. Average from all analysis/tree/sampling date was used for statistical analysis 
• P, K, Ca, Mg, Mn, Fe, Zn (g/kg): wet digestion in a microwave extraction system with HNO3 (Millestone, Ethos Plus). Nutrient analysis by 
ICP-OES (Perkin-Elmer, Optima 2000). A composite sample for each sampling date was generated mixing equal amounts of dry foliar 
powder per sampled tree. Monthly analysis during two years. 
Methodology 
Study area 
Location 
• In the West Spain  (Majadas del Tiétar, Cáceres) 
• Main study site of the BIOSPEC and FLUXPEC projects: 
http://www.lineas .cchs.csic.es/biospec 
Ecosystem • Grazed Maditerranean dehesa  (20% tree cover) with an herbaceous stratum composed mainly by annual species 
Climate • Continental Mediterranean with 572 mm annual precipitations and 16.7ºC mean annual temperature 
Soils • Acidic cambisols with low organic matter content 
Sampling procedure 
Sampled 
trees 
• First year: 10 trees randomly selected within a circular area of 500 
m radius 
• Second year: 5 trees representative of the first year sampled trees 
Crown part • Sunlit and shaded portions form the upper third of the crown 
Leaf age • Sampling and all analysis/measurements were conducted separately for the current year and previous years leaves 
Frecuency • Monthly 
Period • April 2009 through April 2011 (2 vegetative periods) 
• Spanish Ministry of Science and Innovation in the framework of the BIOSPEC Project (CGL2008-02301/CLI).  
• Spanish Ministry of Economy and Competitiveness in the framework of the FLUXPEC Project (CGL2012-34383)  
• Annual foliar chlorophyll, nutrients and reflectance variation patterns in mature holm oak trees have been followed 
during two vegetative periods in the context of the Biospec project. Leaf pigments, water content and leaf structure 
shape the spectra of fresh leaves (Ourcival et al. 1999). Together with the bioelements more related to photosynthetic 
activity such as nitrogen, magnesium or manganese, some nutrients directly related to structural leaf properties such 
as carbon or calcium (cell wall rigidity) or potassium (cell turgidity) could explain part of the variability of reflectance 
changes observed along the leaf development and maturation process. 
• The goal of this study was to explore the temporal variability of foliar nutrients and spectral behavior of sclerophyll 
fresh leaves along the growing season in order to assess to what extent biochemical concentrations could be 
estimated at leaf level from field spectroscopy. 
Overview 
Results 
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Partial Least Squares Regressions (PLSR) analysis was used to decompose the 
spectral information maximizing the explanation of variance existing between 
reflectance and each biophysical variable or chemical content. Stepwise regression 
analyses (STR) were carried out to select the spectral bands that would best explain 
and predict the biophysical variables and chemical contents from foliar reflectance 
during the leaf maturation process. Bootstrap technique were applied to assure the 
robustness of the predictive models. 
Wavelenght at maximun 
Pearson correlation coefficients 
and coefficient value, between 
every leaf reflectance 
waveband (400 -2500 nm) and 
all the biochemical variables  
measured 
Reflectance variation pattern along the vegetative period depicted a 
general decreasing trend in the visible region, with some peaks in the 
summer period that occurred at minimum leaf water contents. In the 
NIR region, the decreasing trend is only detectable at the end of the 
summer period. 
 
After leaf elongation, the decreasing reflectance pattern that occurred 
during the leaf maturation and sclerification processes was 
accompanied by an increase in foliar pigments, foliar dry matter, N, 
Ca, Mn, and Fe concentrations and a decrease in foliar K. Other 
nutrients such as C, P, Mg, and Zn hardly varied during the vegetative 
period. 
Differences in reflectance between leaf age classes were maximum 
in the red edge, NIR and visible region, presenting younger leaves 
consistently higher values. On the contrary, reflectance in the 
SWIR region did not allow to discriminate between leaf age 
classes. 
 
At the end of the vegetative period (November-March) and before 
leaf sprouting, when current year leaves achieved maturation, all 
leaf age classes in the crown have a similar reflectance along the 
whole spectrum. This “vegetative period window” could be of 
interest for estimations of biochemical variables at canopy level 
when the percentage of leaf age classes in the crown is unknown. 
Annual variation of foliar N, K, Ca and Mn  concentrations 
in current year (upper figure) and previous years leaves 
(lower  figure) 
Correlations between foliar concentrations (per unit dry mass) in current year leves 
and reflectance were strongest in the red edge and visible region for most variables 
(K, Ca, Mn, Fe, P, N, Zn, Chla+b an LMA). In the NIR region for Mg and leaf water 
content and in the SWIR for C. 
 
The weakest correlations were found for Zn and Mg while  the strongest were for K 
(R=0.90), total chlorophyll (R=0.89) and Mn (R=0.78) foliar concentrations. 
 
Variation of Pearson correlation coefficients along the spectra presented a similar 
variation pattern for all the variables characterized by a steady increase along the 
growing season: leaf density, pigments concentrations and all the foliar nutrients 
with low physiological mobility: Ca, Mn and Fe.  
ANNUAL VARIATION PATTERN OF FOLIAR REFLECTANCE BY LEAF AGE 
Average leaf reflectance by leaf age classess in three moments of the vegetative period 2010-11 (N=60 leaves per sampling 
date/age class) 
Ranges of foliar reflectance  along the spectrum during the vegetative 
period for the two leaf age classes present in the crown 
Annual variation of reflectance in current year leaves for wavelenghts of 
maximun local reflectance during two vegetative periods 
Annual variation of reflectance in previuos years leaves for wavelenghts of 
maximun local reflectance during two vegetative periods 
R2 , relative root mean squared error (RRMSE) and 
normalized RMSE (NRMSE) for the 12 estimated 
biochemical variables  
Loading value s for each component in the PLRS 
analysis along the spectra   
Bands selected in the stepwise regression 
analysis for the estimation of each biochemical 
variable studied 
R2 , relative root mean squared error (RRMSE) and 
normalized RMSE (NRMSE) for the 12 estimated 
biochemical variables  
In the PLSR analysis, six components were selected 
explaining at least 90% of the variance between spectral and 
biophysical variables. R2 were over 60 % for all the  studied 
variables with exception of C and Zn foliar concentrarions. 
 
Estimations were most accurate for K (R2=0.97 %, RMSE 
0.29 g/kg) and leaf pigments  Chla+b (R2=0.96 %, RMSE=4.23 
µg/cm2) 
Stepwise regression analysis provided significant 
models for all the biophysical variables excepting Zn 
and Mg. 
Though in some cases, predictions were more 
accurate and precise than those done using PLSR 
(such as in K with R2=0.99 %, RRMSE 3.1%), these 
showed. in general. wider and larger errors. Selected 
wavelengths were found all along the optical domain, 
though a great number of them were located around 
the red edge. 
Leaf reflectance measurements captured the morphological and 
biochemical changes that occurred in the holm oak leaves along 
the vegetative period during their maturation and sclerification 
processes. Red edge and visible were the spectral regions most 
sensitive to the transformations during leaf aging, especially the 
bands in the range 700-721 nm and the green region centered in 
the 553 nm band. At these wavelengths, the highest annual 
variations in reflectance, the highest differences between leaf 
age classes and the strongest correlations with leaf biochemical 
concentrations were found. 
Variable R
2                 
%
RRMSE    
%
NRMSE    
%
K mg/g 0.97 5.3 4.2
Chla+b µg/cm
2 0.96 3.6 5.8
Mn µg/g 0.93 8.3 8.3
LMA g/cm2 0.90 4.2 8.1
LWC % 0.89 4.7 7.8
Fe µg/g 0.85 11.3 11.9
P mg/g 0.84 10.4 8.7
Ca mg/g 0.76 13.0 13.9
N mg/g 0.71 6.0 12.8
Mg mg/g 0.60 7.0 17.1
Zn µg/g 0.54 11.7 17.9
C mg/g 0.34 1.2 23.0
CORRELATIONS BETWEEN LEAF REFLECTANCE AND BIOCHEMICAL VARIABLES 
FOR CURRENT  YEAR LEAVES 
ANNUAL VARIATION PATTERN OF BIOCHEMICAL VARIABLES 
Annual variation of foliar P , Mg , C  Fe  and Zn 
concentrations in current year (upper figure) and 
previous years leaves (lower figure) 
Annual variation of leaf water content, leaf mass per unit 
area and total chlorophyll concentration in current year 
(upper figure) and previous years leaves (lower figure) 
Variable λ nm
Pearson 
coefficient
N g/kg 404 0.75
Zn mg/kg 400 0.20
Chla+b µg/cm
2 553 0.89
Fe mg/kg 553 0.60
P g/kg 711 0.55
LMA g/cm2 712 0.75
K g/kg 714 0.90
Mn mg/kg 717 0.78
Ca g/kg 720 0.59
Mg g/kg 1325 0.40
LWC % 1389 0.71
C g/kg 2303 0.52
Variable R
2                 
%
RRMSE    
%
NRMSE    
%
K mg/g 0.99 3.1 2.4
LMA g/cm2 0.95 2.9 5.6
Chla+b µg/cm
2 0.82 8.5 13.7
Fe µg/g 0.78 13.7 14.4
Ca mg/g 0.68 15.5 16.7
P mg/g 0.40 20.8 17.4
N mg/g 0.22 12.1 26.0
Mn µg/g 0.11 37.4 37.4
LWC % 0.09 14.9 24.6
C mg/g 0.03 4.6 90.6
LWC (%) 
Chl a+b 
µg/cm2 LMA g/m2 
Partial Least Squares Regressions (PLSR) analysis was used to decompose the spectral information 
maximizing the explanation of variance exisiting between reflectance and each biophysical variable or 
chemical content 
LWC (%) 
Chl a+b 
µg/cm2 LMA g/m
2 
Stepwise regression analyses (STR) were carried out to select the spectral bands that would best 
explain and predict the biophysical variables and chemical contents from foliar reflectance during the 
leaf maturation process 
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